Genetic Algorithms (GAs) represent a particular class of evolutionary algorithms that make use of techniques motivated by evolutionary biology. They have found applications in mathematics, physics, chemistry, economics, engineering and other fields. This paper addresses multi-pass turning optimization problem for minimum unit production cost. Optimal cutting parameters including cutting speed, feed rate, and depth of cut are solved by a solution procedure using GAs. A machining example is given to illustrate the solution process. The effects of GA operators such as crossover and mutation are studied and the suitable values of crossover and mutation rates for the problem studied in this paper are recommended.
Introduction
Genetic Algorithms (GAs) are a set of evolutionary algorithms that make use of techniques motivated by evolutionary biology such as selection, crossover, and mutation. In GAs, stochastically generated initial population of candidate solutions evolve toward the true solutions to an optimization problem through successive generations. These candidate solutions are individuals in the population and are called chromosomes in GAs. Chromosomes are represented in numerical strings to facilitate evolution based on certain GA rules. In each generation, chromosomes are evaluated and selected on the basis of their fitness values and modified by crossover and mutation operations to create a new population, which is in turn used in the next iteration of the algorithm. Normally, a GA terminates when a certain iteration number is reached or a satisfactory fitness level has been met. Genetic Algorithms have found applications in many fields including mathematics, physics, chemistry, economics and engineering.
On the other hand, a metal cutting process is an operation that removes unwanted material from the workpiece by the application of a cutting tool. This material removal process is accompanied with a change in shape and surface roughness, and sometimes mechanical properties of the workpiece to meet prescribed specifications. Modern metal cutting techniques benefit from the many decades' advancement of multidisciplinary knowledge and the three principal cutting processes are classified as turning, drilling, and milling. Cutting speed, feed rate, and depth of cut are three basic cutting parameters that have a tremendous impact on machining quality and machining economics.
The primary objective in any cutting operations is to produce required parts with low cost and high productivity. Cutting parameter optimization plays an important role in achieving this target. It is an important step in a Computer Aided Process Planning (CAPP) system. Parameter optimization problem has been investigated for many machining processes such as turning [1] [2] [3] , milling [4] [5] [6] , grinding [7] , drilling [8] , and some non-traditional machining processes [9] [10] . Consequently, a variety of solution approaches have been developed for optimal results. In this paper, an optimization model based on minimum production cost for multi-pass turning operations is introduced. The unwanted material is assumed to be removed by one finishing pass and at least one roughing passes. Various cutting conditions and limitations are considered as constraints. Optimal values of machining parameters are found by a solution procedure using GAs coupled with MATLAB programming. An example is presented to illustrate the model and the solution procedure. The effects of the GA operators including crossover and mutation rates are discussed. In the next section, the model development is introduced in details. After that, an example problem is presented in Section 3. Section 4 illustrates the optimal solution procedure using a genetic algorithm followed by the results and discussion given in Section 5. Some conclusions are drawn in Section 6. Cutting speeds for the ith rough pass and the finish pass (m/min) η Efficiency of machine tool
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Objective Function
For a turning process, if material cost is not considered, unit production cost can be expressed by
Dividing a turning process into one finish pass and n rough passes, then, the machining cost
where L t =L+3. The machine idle cost CI is defined as
Tool replacement cost CR and tool cost CT can be respectively given by
Finally, the objective function to minimize the total unit production cost can be written as Minimize: (6) where
Constraints
Parameter Constraints
For the finish turning pass:
For rough passes:
Tool Life Constraints
Tool life for the finish pass can be expressed by
For rough passes, tool life can be expressed by
Using (9), (15) can be revised as
Using (12), (16) can be revised as
In this paper, the tool life is assumed to be identical in rough and finish machining operations and requires the same tool replacement time.
Surface Finish Constraints
Following [11], we have s f ≤ 0321 . 0 / s e R r ,(19)ri f ≤ 0321 . 0 / r e R r .(20)
Cutting Force Constraints
For the finish pass,
For rough passes,
Cutting Power Constraints
Roughing and Finishing Parameter Relations
In the model,
Example Problem
The multi-pass turning example given in Table 1 , which was used in [1, 2] to explain their solution approaches for turning parameter optimization, is considered for the purpose of illustration. In this case, cemented carbide cutting tools are used to machine a gray cast iron workpiece. The minimization of total cost UC can be stated as:
Minimize: 
GA Implementation
Flow Chart
In GAs, a population of candidate solutions evolves towards the true solutions through successive generations. Fig. 1 shows how a GA is applied for solving the turning optimization problem in this paper. Decision variables
are represented by binary numbers and these numbers are aligned in a long string which is called a chromosome in GAs. An initial population containing a fixed number of chromosomes (20 in this paper) that follow all of the constraints is first randomly generated. Chromosomes evolve through successive generations. During each evolution, chromosomes are evaluated and selected based on their fitness values which are related to the objective function of the optimization model to create a new population. There are two main operators in GA. Crossover is the operation to exchange some part of two chromosomes to generate new offspring (crossover rate is 80% in this paper). This operation is important for exploring the whole search space rapidly. Mutation is applied after crossover to provide a small randomness to the new chromosome. It randomly alters each bit of a binary string with a small probability (mutation rate is 0.02 in this work), changing zero to 1 or 1 to zero. In order to avoid losing the best strings, a certain percentage of chromosomes with best fitness values are kept within the population (20% in this paper) when a crossover or mutation operation is applied to the rest chromosomes during each reproduction cycle. The same population size is maintained during the evolution process. After crossover and mutation, a new generation forms, and unit production costs and machining parameter values are calculated based on the new generation. After a certain number of generations (2000 iterations in this paper), the algorithm should converge to the best chromosome, which represents the optimal or near-optimal solutions to the problem.
In this paper, based on a given value of the total depth of cut and the feasible ranges of rough and finish passes, possible numbers of total passes can be calculated. The algorithm performs computation for each case and compares the results for an optimal pass number and corresponding unit production cost.
We assume that the unwanted material should be cut off with one finish pass and n rough passes (n≥1). Therefore, the total number of cutting passes is N=n+1. The total depth of cut considered in this paper is 1.5mm≤ t d <10mm.
We select n=1 as an example to explain how to use the genetic algorithm for solving optimal or near-optimal solutions.
GA Implementation for n=1
Determination of the String Length
Before the initial population is generated, the total length of a binary string which represents cutting parameters in the given order needs to be determined based on the domain and precision of the decision variables. 
. Therefore, the length of a binary string for s V is 1 L =13. 
The length of a binary string for r f is 5 L =7. Therefore, the total length of a chromosome is L=L 1 +L 2 +L 3 +L 4 +L 5 =13+13+8+5+7=46.
Fitness Calculation
Chromosomes in a population evolve based on their fitness values. In this paper, the fitness is chosen to be equal to the reciprocal of the objective function value UC,
The total fitness for a population is
Selection probability for each chromosome is
Cumulative probability for each chromosome is
A chromosome with a higher fitness value has a higher probability of being selected to survive.
Crossover
Because 20% chromosomes with best fitness values in a population are selected to directly enter the new population to avoid losing the best strings, we do crossover to the rest 16 chromosomes. An integer from the range [1, 45] is randomly generated as the crossover point. Exchange the right parts of the two parent chromosomes to generate offspring. When doing crossover, we require the new chromosomes meet all of the constraints to the model.
Mutation
Mutation alters one gene (one bit of a chromosome) with a probability equal to the mutation rate. The mutation rate should be very low. Here the probability of mutation is set as 0.02. For each binary bit of a chromosome in a population after crossover, a number r from the range [0, 1] is randomly produced and is compared with 0.02. If r ≤ 0.02, do mutation on that bit, changing zero to 1 or 1 to zero.
During crossover and mutation operations, the created chromosomes are required to meet all of the constraints. If some chromosome does not, we keep creating until the required number of satisfied chromosomes is reached.
Results and Discussion
For t d = 1.5, 2.0, 2.5, 4.0, 6.0 and 8.0 mm, the average unit production costs after 20 repeated calculations for each total depth of cut are shown in Table 2 . The results show that one roughing pass and one finishing pass are required when the total depth of cut is t d = 6.0mm with an average unit production cost of $2.1857/piece. According to [12] , two roughing passes and one finishing pass are required. The total production cost is $2.9684/piece. The proposed optimization method reduces the unit production cost by 35.8% from the handbook's suggested cutting scheme. The proposed optimization method also results in much lower unit production costs compared to the optimization solutions in [1, 2] .
As discussed in the literature, crossover and mutation rates are two important parameters of GAs which have a tremendous impact on the precision of solutions. A too large crossover rate may cause premature convergence of GAs. A mutation rate that is too high may lead to loss of good solutions, while a too low mutation rate may make the algorithm stuck on a local searching space. For the machining parameter optimization problem studied in this paper, the suitable crossover and mutation rates, for t d = 4.0mm, are respectively around 0.8 and 0.04 (see Fig. 2 ). 
Conclusion
The optimization of cutting parameters can be performed by formulating an optimization model and designing a suitable solution procedure based on a certain optimization technique to seek optimal or near-optimal solutions. Genetic Algorithms are suitable for obtaining near-optimal solutions to the problem of machining parameter selection. MATLAB is a useful tool to solve engineering problems such as an optimization problem proposed in this work. The optimization model presented in this paper yields lower unit production costs compared with the results from the literature and machining data handbook. The method developed in this paper can also be used in other machining operations such as milling and drilling. Our research also shows that GA parameters such as crossover and mutation rates affect the cutting parameter optimization results.
